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CERK1 is a lysine motif-containing plant pattern
recognition receptor for chitin and peptidoglycan.
Chitin recognition by OsCERK1 triggers rapid
engagement of a rice MAP kinase cascade, which
leads to defense response activation. How the MAP
kinase cascades are engaged downstream of
OsCERK1 remains obscure. Searching for host
proteins that interact with Xoo1488, an effector of
the rice pathogen Xanthomonas oryzae, we identi-
fied the rice receptor-like cytoplasmic kinase,
OsRLCK185. Silencing OsRLCK185 suppressed
peptidoglycan- and chitin-induced immune re-
sponses, including MAP kinase activation and
defense-gene expression. In response to chitin,
OsRLCK185 associates with, and is directly phos-
phorylated by, OsCERK1 at the plasma membrane.
Xoo1488 inhibits peptidoglycan- and chitin-induced
immunity and pathogen resistance. Additionally,
OsCERK1-mediated phosphorylation of OsRLCK185
is suppressed by Xoo1488, resulting in the inhibi-
tion of chitin-induced MAP kinase activation. These
data support a role for OsRLCK185 as an essen-
tial immediate downstream signaling partner of
OsCERK1 in mediating chitin- and peptidoglycan-
induced plant immunity.
INTRODUCTION
Plants and animals are constantly exposed to a wide range of
commensal and infectious microbes and have evolved sophisti-
cated immune systems to discriminate and defend against
potential pathogens. The plant innate immunity system is gener-
ally initiated via recognition of conserved microbe-associated
molecular pattern (MAMP) ligands, including bacterial flagellin
or peptidoglycan (PGN), and fungal chitin (Jones and Dangl,Cell Ho2006; Miya et al., 2007). These MAMPs are perceived by pattern
recognition receptors (PRRs), leading to activation of a series of
immune responses that culminate in slowing or halting of path-
ogen proliferation (Segonzac and Zipfel, 2011). This immune
response is generally referred to as pattern-triggered immunity
(PTI) (Jones and Dangl, 2006).
Successful pathogens are able to secrete or directly deliver
effector proteins into the host cytoplasm that modulate host
processes for their advantage. Many plant pathogenic Gram-
negative bacteria use specialized type III secretion systems
(T3SSs) to deliver a large number of type III effectors (Cui
et al., 2009; Deslandes and Rivas, 2012; Feng and Zhou,
2012). However, the biological functions of most of type III effec-
tors are not known.
To overcome PTI inhibition by type III effectors, plants have
developed intracellular immune receptors of the nucleotide-
binding leucine-rich repeat (NB-LRR) protein family, which
directly or indirectly recognize type III effectors, and activate
immune responses that are often accompanied by hypersensi-
tive cell death. This type of immunity is referred to as effector-
triggered immunity (ETI) (Jones and Dangl, 2006).
Most cell-surface-localized PRRs encode receptor-like
kinases (RLKs) which contain an extracellular domain, a trans-
membrane domain (TM), and an intracellular kinase domain.
The best-known PRRs are FLS2, EFR, and CERK1. FLS2 and
EFR are LRR-containing RLKs that recognize flagellin and elon-
gation factor-Tu, respectively, through heterodimerization with
their coreceptor BAK1 (Chinchilla et al., 2007; Zipfel et al.,
2006). CERK1 is a chitin receptor with lysine motifs (LysMs) in
the extracellular domain (Miya et al., 2007; Shimizu et al., 2010;
Wan et al., 2008). Arabidopsis CERK1 directly binds chitin
through its LysM domain through homodimerization (Liu et al.,
2012b). Recent genetic evidence suggests that CERK1 also
recognizes bacterial PGN with two LysM proteins LYM1 and
LYM3 (Willmann et al., 2011), indicating that CERK initiates
immunity in response to both bacterial PGN and fungal chitin
in Arabidopsis (Gimenez-Ibanez et al., 2009). Recently, two rice
LYM proteins, LYP4 and LYP6, which are homologs of AtLYM1
and AtLYM3, have been ascribed a role in immune responses
to PGN (Liu et al., 2012a). In addition, sequential treatments ofst & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevier Inc. 347
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perceived through an overlapping receptor system in rice (Liu
et al., 2012a), suggesting that rice OsCERK1 may be also
involved in perception of both PGN and chitin.
One of the RLK families lacks an extracellular domain. This
group was thus designated as the receptor-like cytoplasmic
kinases (RLCKs) (Shiu et al., 2004). There are 379 RLCK genes
in rice and 200 in Arabidopsis (Jurca et al., 2008; Vij et al.,
2008). RLCKs are divided into 13 subfamilies (RLCKs I–XIII),
based on phylogenetic clades using amino acid sequences
(Shiu et al., 2004). Recent studies highlight the importance of
the RLCK VII subfamily in plant immunity. For example, RLCK
VII subfamily members BIK1 and PBL1 interact with FLS2 and
BAK1, and are rapidly phosphorylated upon FLS2 activation by
its ligand flg22 (Lu et al., 2010; Zhang et al., 2010). bik1 and
pbl1mutants exhibit phenotypic defects in their FLS2-mediated
immune responses, indicating that BIK1 and PBL1 are important
for PTI signaling potentially via their interactions with FLS2. This
finding also suggests at least one model for PTI signaling, in
which RLCK VII subfamily members link PRRs to downstream
intracellular signaling modules.
Recently, RLCK VII family proteins have been reported to
be major targets of pathogen effectors for suppressing the
host immune response. P. syringae effector AvrPphB protease
inhibits RLCK VII subfamily proteins BIK1, PBL1, and PBS1
and other PBS1-like proteins by proteolytic cleavage (Zhang
et al., 2010). As a countermeasure, the Arabidopsis NB-LRR
immune receptor RPS5 recognizes cleavage of PBS1 and trig-
gers ETI (Shao et al., 2003). P. syringae effector AvrB targets
the RIPK RLCK VII that phosphorylates RIN4, an interactor of
the NB-LRR immune receptor RPM1. RIPK-mediated RIN4
phosphorylation induced by AvrB leads to activation of RPM1-
depedent ETI (Chung et al., 2011; Liu et al., 2011). Similarly,
P. syringae effectors AvrPto and AvrPtoB interact with members
of the Pto RLCK VII subfamily, which also results in activation of
host ETI (Kim et al., 2002). Recently, RLCK VII subfamily proteins
have been reported to be targeted by P. syringae effector AvrAC
(Feng et al., 2012). AvrAC uridylylates the conserved phosphor-
ylation sites in the activation loop of RLCK VII subfamily proteins
including BIK1, PBL1, and PBS1, which results in inhibition of
their activation of the immune response (Feng et al., 2012).
The early immune responses activated by PRRs include activa-
tion of mitogen-activated protein kinase (MAPK) signaling cas-
cades in plants (Tena et al., 2011). A MAPK signaling cascade
generally involves three functionally tiered protein kinases: a
MAPKkinase kinase, aMAPKkinase, and aMAP kinase (Ichimura
et al., 2002). Signals from the upstream PRRs are transduced
and amplified through the MAP kinase cascades.
BIK1 and PBL1 associate with and are phosphorylated by
the FLS2-BAK1 complex (Lu et al., 2010; Zhang et al., 2010). In
addition, activation of two MAP kinases, AtMPK3 and AtMPK6,
occurs downstream of the FLS2-BAK1 complex (Asai et al.,
2002). Although these data suggest a possible signaling path-
way consisting of FLS2/BAK1–BIK1/PBL1–AtMPK3/AtMPK6,
the bik1/pbl1 double mutations have no effect on FLS2/BAK1-
dependent activation of AtMPK3 and AtMPK6 (Feng et al.,
2012). In rice, OsCERK1 and a LysM protein CEBiP constitute
the chitin receptor complex (Shimizu et al., 2010). Recognition
of chitin by OsCERK1 and CEBiP triggers rapid activation of a348 Cell Host & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevierice MAP kinase cascade (OsMKK4–OsMPK3/OsMPK6), which
leads to various defense responses, including antimicrobial
biosynthesis (Kishi-Kaboshi et al., 2010). How MAP kinase
cascades are activated downstream of the OsCERK1-CEBiP
complex is unknown. Thus, the mechanism for a link between
PRR-mediated MAMP recognition and MAP kinase activation
is not yet understood.
In this work, we show that overexpression of Xanthomonas
oryzae pv. oryzae (Xoo) effector Xoo1488 suppressed
resistance to Xoo and PGN- and chitin-induced immune
responses. We identified two RLCK VII subfamily proteins,
OsRLCK55 and OsRLCK185, as Xoo1488-interacting proteins.
OsRLCK185 regulates PGN- and chitin-induced immunity.
OsCERK1 directly phosphorylated OsRLCK185 in vitro. Phos-
phorylation of OsRLCK185 by OsCERK1 was inhibited by
Xoo1488. Because CERK1 plays important roles in immunity to
bacterial infection in Arabidopsis and likely in rice (Liu et al.,
2012a; Willmann et al., 2011), our data indicate that CERK1-
mediated signaling is thus an important target for bacterial effec-
tors (Gimenez-Ibanez et al., 2009).
RESULTS
Xoo1488 Suppresses PTI Responses in Rice
Xoo1488, one of the Xanthomonas oryzae pv. oryzae type III
effectors, is a 282 amino acid protein of unknown function (Fur-
utani et al., 2009). A database search indicated that Xoo1488
homologs are found in only a small number of Xanthomonas
isolates, such as Xanthomonas oryzae pv. oryzicola BLS256,
Xanthomonas campestris pv. vasculorum NCPPB 702, and
Xanthomonas campestris pv. musacearum NCPPB 4381. To
determine the function of Xoo1488 in rice cells, we generated
transgenic rice plants (Xoo1488-OX) expressing Xoo1488 and
inoculated them with the T3SS-deficient hrpX mutant of Xoo,
which is incapable of type III effector delivery (Furutani et al.,
2006). The Xoo hrpX mutant did not cause lesions in wild-type
plant (Figures 1A and 1B), presumably because of strong induc-
tion of PTI. In contrast, Xoo1488-OX plants had severe disease
symptoms following infection with the Xoo hrpX mutant. Bacte-
rial populations of the Xoo hrpX mutant in Xoo1488-OX leaves
were higher than in wild-type plants (Figure 1C). The growth of
wild-type isolate Xoo MAFF311018 in Xoo1488-OX plants also
increased significantly over its growth in wild-type plants (Fig-
ure 1D). Thus, it is likely that Xoo1488 inhibits PTI induced by
infection of Xoo hrpX mutant. However, it was noted that
Xoo1488 knockout strain did not exhibit any defect in virulence
(see Figure S1A online).
To further analyze the PTI-inhibitory activity of Xoo1488,
we generated suspension-cultured cell lines derived from each
of two independent Xoo1488-OX plant lines. Expression of
Xoo1488 in these cell lines was confirmed by semiquantitative
RT-PCR (Figure S1B). We treated these suspension-cultured
cells with PGN. Expression of two defense genes, PAL1 and
OsPR10, was induced by PGN, which was significantly lower
in Xoo1488-OX cell lines than in cell lines derived from wild-
type (Figure 1E). We also treated these suspension-cultured
cells with a fungal MAMP chitin. The chitin-induced expression
of PAL1 and OsPR10 was reduced in cell lines expressing
Xoo1488-OX as compared with wild-type (Figure 1F). Theser Inc.
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Figure 1. Overexpression of Xoo1488 Inhibits Both Bacterial and Fungal MAMPs-Induced Responses
(A) Transgenic plants expressing Xoo1488 exhibited reduced PTI induction by infection with Xoo hrpX mutant. The photograph of disease lesions was taken at
25 dpi. Scale bar, 1 cm.
(B) Quantitative analysis of disease lesions was carried out at 25 dpi.
(C) The bacterial population of Xoo hrpX mutant in two independent Xoo1488-OX lines was determined at 5 dpi.
(D) The bacterial population of wild-type isolate Xoo MAFF311018 was determined at 5 dpi. Data shown in (B)–(D) are means ± SD. Asterisks indicate significant
differences between wild-type and Xoo1488-OX plants (p < 0.01).
(E) Xoo1488 inhibits PGN-induced expression of defense-related genes. Expression levels of PAL1 (Os02 g0627100) and OsPR10 (Os03 g0300400) in wild-type
and Xoo1488-OX cells after treatment with 100 mg/ml PGN elicitor were analyzed using quantitative real-time PCR.
(F) Xoo1488 inhibits chitin-induced expression of defense-related genes. Expression levels of PAL1 and OsPR10 in wild-type and Xoo1488-OX cells after
treatment with 2 mg/ml chitin elicitor were analyzed using quantitative real-time PCR. Data shown in (E) and (F) are means ± SD calculated using three biological
replicates, where each biological replicate consists of two technical replicates. Asterisks indicate significant differences between wild-type and Xoo1488-OX
cells (p < 0.01).
See also Figure S1.
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RLCK-Mediated MAMP-Triggered Immunitydata indicate that Xoo1488 is capable of inhibiting PTI induced
by two MAMPs, PGN and chitin.
Xoo1488 Interacts with OsRLCK55 and OsRLCK185
To elucidate the molecular mechanisms of Xoo1488-mediated
PTI inhibition, we tried to identify host targets that interact with
Xoo1488 by yeast two-hybrid screens using a rice cDNA library
prepared from chitin-treated rice suspension cells (Kawasaki
et al., 2006). Two RLCKs, Os01 g0936100 (OsRLCK55) and
Os05 g0372100 (OsRLCK185), were found to interact with
Xoo1488 (Figure 2A) (Jurca et al., 2008). A sequence homology
search revealed that OsRLCK55 and OsRLCK185 belong to
the C subfamily of the OsRLCK VII family (Shiu et al., 2004).
OsRLCK55 and OsRLCK185 are closely related to each other
(84% identity at amino acid level).Cell HoTo examine the subcellular localization of OsRLCK55 and
OsRLCK185 in rice cells, we fused green fluorescent protein
(GFP) to the C termini of OsRLCK55 and OsRLCK185 and tran-
siently expressed these constructs in rice protoplasts together
with the control fluorescence protein RFP. OsRLCK55-GFP
was localized at the plasma membrane (PM) (Figure 2B),
whereas RFP was distributed throughout the entire cell. How-
ever, no fluorescence for OsRLCK185-GFP was detected. Since
it is possible that the kinase activity of OsRLCK185 may
be a cause of disappearance of the protein, we produced
the kinase-inactive mutant OsRLCK185K108E by substitution of
lysine at the position 108 to glutamate. K108 is a conserved
ATP-binding site, and the mutation is expected to abolish kinase
activity (Figure S2) (Zhang et al., 2010). Fluorescence for
OsRLCK185K108E-GFP was detected at the PM (Figure 2B),st & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevier Inc. 349
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Figure 2. Xoo1488 Interacts with OsRLCK55 and OsRLCK185
(A) Interaction of Xoo1488 with OsRLCK55 and OsRLCK185 in yeast two-
hybrid assays. The growth of yeast colonies on the plate (-ULWH) lacking uracil
(U), leucine (L), tryptophan (W), and histidine (H) with 2 mM 3-aminotriazole
(3-AT) indicates a positive interaction. 3-AT is a competitive inhibitor of the
HIS3 gene product (histidine synthase), which is the reporter gene for the
interaction in the yeast two-hybrid assay.
(B) OsRLCK55-GFP and OsRLCK185K108E-GFP transient expression in rice
protoplasts. RFP was used as a control.
See also Figure S2.
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the PM. This result also indicated that strong transient expres-
sion of OsRLCK185-GFP in rice protoplasts caused the kinase
activity-dependent disappearance of the protein, which might
be induced by autoactivation of the downstream signaling of
OsRLCK185 (see the Discussion).
OsRLCK185 Regulates Chitin-Induced Immune
Responses
To examine whether OsRLCK55 and OsRLCK185 are involved in
Xoo resistance, we analyzed three independent transgenic rice
plants carrying OsRLCK55 and OsRLCK185 RNA interference
(RNAi) construct in which the 30 untranslated regions of
OsRLCK55 and OsRLCK185 were combined and inserted in an
inverse orientation. These 30 untranslated regions of OsRLCK55
and OsRLCK185 did not have any homology to other members
of the rice RLCK VII family. Expression of OsRLCK55 and
OsRLCK185 was significantly reduced in these transgenic RNAi
lines (Figure 3A). We inoculated the RNAi plants with the Xoo
hrpXmutant. The bacterial population in all RNAi lines was signif-
icantly increased as compared with nontransformed plants (Fig-
ure3B), indicatinga reductionofXoo resistance in theRNAiplants.
To elucidate the possible functions of OsRLCK55 and
OsRLCK185 in PTI, we generated transgenic suspension-cul-
tured cell lines stably overexpressingOsRLCK55 orOsRLCK185
(Figure 3C and Figure S3) and treated these cells with chitin.
Overexpression of OsRLCK185, but not OsRLCK55, enhanced
chitin-induced gene expression of PBZ1 and PAL1 (Figure 3D).
We also produced transgenic rice suspension cells carrying350 Cell Host & Microbe 13, 347–357, March 13, 2013 ª2013 Elseviethe OsRLCK55 and OsRLCK185 RNAi construct. Two indepen-
dent RNAi cell lines were analyzed for silencing of OsRLCK55
and OsRLCK185. Both cell lines expressed significantly lower
mRNA levels of OsRLCK185 than wild-type (Figure 3E).
OsRLCK55 mRNA levels were lower in line 2, but no reduction
was observed in line 1. Microsomal fractions purified from these
cell lines were used to analyze the protein levels of OsRLCK185
by immunoblots with anti-OsRLCK185 antibody, because the
OsRLCK185 protein was not detected using total protein
extracts in wild-type, suggesting a low level of OsRLCK185
protein in rice cell. The protein levels of OsRLCK185were greatly
reduced in both RNAi lines (Figure 3F). We were not able to
analyze the protein levels of OsRLCK55 because of the low
activity of anti-OsRLCK55 antibody. Chitin-induced defense
gene expression was significantly reduced in both RNAi lines
(Figure 3G). In addition, we also found that the PGN-induced
expression of defense genes was suppressed in the RNAi lines
(Figure 3H). Taken together, it is likely that OsRLCK185 positively
regulates chitin- and PGN-induced gene expression.
We examined ROS production induced by chitin treatment in
the RNAi lines. Chitin-induced ROS production was measured
by chemiluminescence mediated by L-012, a reagent which
has been used to detect ROS (Yamaguchi et al., 2012). ROS
production was significantly suppressed in both RNAi lines as
compared with wild-type (Figure 3I).
OsRLCK185 Interacts with Chitin Receptor OsCERK1
Because OsRLCK185 is localized to the PM and positively regu-
lates chitin-induced immunity, we asked whether OsRLCK185
interacts with the rice chitin receptor OsCERK1. A yeast two-
hybrid assay indicated that there is an interaction between
OsRLCK185 and the intracellular kinase domain (IC) of
OsCERK1 (Figure 4A).To better characterize the in vivo interac-
tion between OsCERK1 and OsRLCK185, we performed a coim-
munoprecipitation (coIP) assay using transgenic suspension
cells stably expressing C-terminal 3xFLAG-tagged OsCERK1
(Figure 4B). Microsomal fractions prepared from OsCERK1-
3xFLAG cells were used for the coIP experiment. OsRLCK185
coimmunoprecipitated with OsCERK1 (Figure 4B). The in vivo
interaction between OsRLCK185 and OsCERK1 was also exam-
ined by bimolecular fluorescence complementation (BiFC)
assays using transient expression in rice protoplasts (Figure 4C).
OsRLCK185K108E tagged with the C-terminal domain (aa 155–
238) of Venus (OsRLCK185 K108E -Vc) and OsCERK1 tagged
with the N-terminal domain (aa 1–154) (OsCERK1-Vn) were
coexpressed in rice protoplasts with the control fluorescent
protein RFP. Venus fluorescence was detected at the PM (Fig-
ure 4C). However, no fluorescence was observed when we
used wild-type OsRLCK185 in this assay, as found in Figure 2B.
Taken together, it is likely that OsRLCK185 and OsCERK1
interact with each other at the PM.
OsRLCK185 Is Phosphorylated by OsCERK1
Because OsRLCK185 interacts with the cytoplasmic kinase
domain of OsCERK1, it is possible that OsRLCK185 is phos-
phorylated in response to chitin. Microsomal fractions pre-
pared from chitin-treated wild-type suspension-cultured cells
were analyzed by immunoblotting after immunoprecipitation
with anti-OsRLCK185 antibody, because a combination ofr Inc.
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Figure 3. OsRLCK185 Regulates Chitin-
Induced Immunity
(A) Expression levels of OsRLCK55 and
OsRLCK185 in transgenic rice plants carrying the
OsRLCK55 and OsRLCK185 RNAi constructs
were measured by qRT-PCR. Data are means ±
SD calculated using three biological replicates,
where each biological replicate consists of two
technical replicates. Asterisks indicate significant
differences between wild-type and the RNAi lines
(p < 0.01).
(B) The bacterial population of Xoo hrpXmutant in
the RNAi plants was determined at 5 dpi. Error
bars indicate ± SD. Asterisks indicate the signifi-
cance of the difference between wild-type and the
RNAi plants (p < 0.01).
(C) Expression levels of OsRLCK55 and
OsRLCK185 in suspension cells overexpressing
OsRLCK55 or OsRLCK185 were analyzed by
qRT-PCR.
(D) OsRLCK185, but not OsRLCK55, enhances
chitin-induced expression of PBZ1 and PAL1.
Expression levels of PAL1 (Os02 g0627100) and
PBZ1 (Os12 g0555500) in wild-type and trans-
genic rice cells overexpressing OsRLCK55 or
OsRLCK185 were measured after treatment with
2 mg/ml chitin elicitor using qRT-PCR. Data shown
in (C) and (D) are means ± SD calculated using
three biological replicates, where each biological
replicate consists of two technical replicates.
Asterisks indicate significant differences between
wild-type and OsRLCK55-OX or OsRLCK185-OX
(p < 0.01).
(E) Expression levels of OsRLCK55 and
OsRLCK185 in suspension cells carrying the
OsRLCK55 and OsRLCK185 RNAi constructs
were measured by qRT-PCR.
(F) The protein levels of OsRLCK185 in the RNAi
cells were determined with immunoblot with
OsRLCK185-specific antibody using microsomal
fractions purified from the suspension cultured
cells.
(G) Expression levels of PAL1 and PBZ1 in wild-
type and RNAi cells were analyzed after treatment
with 2 mg/ml chitin elicitor using qRT-PCR.
(H) Expression levels of PAL1 and PBZ1 in wild-
type and RNAi cells were analyzed after treatment
with 100 mg/ml PGN using qRT-PCR.
(I) Quantification of chitin-induced ROS production
in the RNAi cells. ROS production was quantified
using a luminescent image analyzer as previously
reported (Yamaguchi et al., 2012). Photons were
integrally incorporated for 20 and 320 min after
chitin treatment.
Data shown in (E) and (G)–(I) are means ± SD calculated using three biological replicates, where each biological replicate consists of two technical
replicates. Asterisks indicate significant differences between wild-type and RNAi-line 1, or RNAi-line 2 (p < 0.01). See also Figure S3.
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RLCK-Mediated MAMP-Triggered Immunityimmunoprecipitation and immunoblotting effectively reduced
the background signals. Chitin treatment rapidly induced a
mobility shift of OsRLCK185 (Figure 5A). Bacterial alkaline phos-
phatase (BAP) restored the mobility of modified OsRLCK185
to that of the unmodified form, indicating that chitin-induced
modification of OsRLCK185 is due to phosphorylation.
We purified recombinant OsRLCK185 K108E and OsCERK1-IC
proteins expressed in E. coli. In vitro kinase assays using a Phos-
Tag SDS-PAGE gel showed amobility shift of OsRLCK185 K108E,Cell Hobut not when treated with BAP (Figure 5B). This indicates that
OsCERK1 directly phosphorylates OsRLCK185 K108E in vitro.
The mobility of OsCERK1-IC protein was greater in the presence
of BAP, indicating that the recombinant OsCERK1-IC protein is
self-phosphorylated.
BIK1 serine 236 residue and threonine residues 237 and 242
in the activation loop are phosphorylated by the FLS2-BAK1
complex (Lu et al., 2010; Zhang et al., 2010). Therefore, we
substituted alanine for three residues: S240, T241, and T246 ofst & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevier Inc. 351
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Figure 4. OsRLCK185 Interacts with OsCERK1 at the PM
(A) Interaction of OsRLCK185 with the intracellular domain of OsCERK1
(OsCERK1-IC) in yeast two-hybrid system.
(B) OsRLCK185 was coimmunoprecipitated with OsCERK1. Microsomal
proteins were purified from transgenic cells expressing OsCERK1 with a
C-terminal 33 FLAG epitope tag and immunoprecipitated with an anti-FLAG
antibody. The presence of OsRLCK185 and OsCERK1-3x FLAG in the
complex was determined by immunoblot.
(C) Visualization of interaction between OsRLCK185 and OsCERK1 using
bimolecular fluorescence complementation (BiFC) in transiently transfected
rice protoplasts. OsCERK1-Vn and OsRLCK185K108E-Vc contain the
N-terminal and C-terminal fragments, respectively, of Venus. Venus fluores-
cence indicates interaction between OsRLCK185 and OsCERK1. GUS was
used as a negative control. Scale bar, 5 mm.
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Figure 5. Phosphorylation of OsRLCK185 by OsCERK1
(A) Phosphorylation of OsRLCK185 in response to chitin. OsRLCK185 proteins
were immunoprecipitated by anti-OsRLCK185 antibody from microsomal
fractions prepared from rice cells that had been treated with chitin. The
migration of OsRLCK185 was analyzed by immunoblot. Where indicated,
protein was treated with BAP prior to immunoblotting.
(B) OsCERK1 phosphorylates OsRLCK185 in vitro. An in vitro kinase
assay was performed by incubating OsRLCK185K108E and
OsRLCK185K108E, S240A, T241A, T246A with OsCERK1-IC. Migration of
OsRLCK185 in SDS-polyacrylamide gel containing Phos-tag acrylamid
was analyzed by immunoblot with or without treatment with BAP.
(C) Coimmunoprecipitation assay of the OsRLCK185 and OsCERK1
complex. Transgenic rice cells stably expressing OsCERK1-3xFLAG were
treated with chitin before microsomal proteins were prepared for coIP.
The complex containing OsCERK1-3xFLAG was purified by immunoprecip-
itation with anti-FLAG antibody and analyzed by immunoblot. Numbers
indicate relative OsRLCK185b signal levels normalized to OsRLCK185
signal at 0 min. The signals were quantitatively analyzed by using ImageJ
software (NIH).
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RLCK-Mediated MAMP-Triggered ImmunityOsRLCK185K108E (Figure S2), which are equivalent to the three
phosphorylation sites (S237, T237, and T242) of BIK1, to
generate OsRLCK185 K108E, S240A, T241A, T246A. In vitro kinase
assays indicated that OsCERK1 did not phosphorylate
OsRLCK185 K108E, S240A, T241A, T246A, revealing that these resi-
dues in the activation loop of OsRLCK185 are required for phos-
phorylation by OsCERK1 (Figure 5B). Thus, it is likely that
OsCERK1 transmits a chitin recognition signal to OsRLCK185
by direct phosphorylation.
In Arabidopsis, BIK1 interacts with unstimulated FLS2, and
dissociates from the FLS2 complex in response to flg22 (Lu
et al., 2010; Zhang et al., 2010). To test whether chitin induces
dissociation of OsRLCK185 from the OsCERK1 complex, we
used a coIP experiment using microsomal fractions prepared
from transgenic cells stably expressing 3xFLAG-tagged
OsCERK1, which indicated that chitin treatment significantly
reduced OsRLCK185-OsCERK1 interaction (Figure 5C).352 Cell Host & Microbe 13, 347–357, March 13, 2013 ª2013 ElsevieOsRLCK185 Is Required for Chitin-Induced MAPK
Activation
Activation of MAPKs is an early event in chitin perception in rice
(Kishi-Kaboshi et al., 2010). To determine the relationship
between OsRLCK185 phosphorylation and MAPK activation,
chitin-induced MAPK activation was tested using the chitin-
induced phosphorylation protein preparations as above. Phos-
phorylated MAP kinases were detected by immunoblotting
with anti-pMAPK antibody with the maximum of MAPK activa-
tion at 10 min after chitin treatment (Figure 6A), whereas
maximum phosphorylation of OsRLCK185 was at 5 min after
treatment (Figure 5A), suggesting that OsRLCK185 phosphory-
lation precedes MAPK activation.
It has been reported that OsMPK3,OsMPK4, andOsMPK6 are
phosphorylated by chitin treatment in rice suspension cells
(Kishi-Kaboshi et al., 2010). In addition, OsMPK3 and OsMPK6,
but not OsMPK4, are activated by rice MAPK kinase OsMKK4
(Kishi-Kaboshi et al., 2010), indicating that OsMPK3/OsMPK6
andOsMPK4 are regulated by different pathways.We comparedr Inc.
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Figure 6. OsRLCK185 Regulates Chitin-Induced Activation of OsMPK3 and OsMPK6, but Not OsMPK4
(A) Chitin-induced activation of MAP kinases was analyzed by immunoblot with anti-pMAPK antibody using the same protein samples as in Figure 5A.
(B–D) Shown is chitin-induced activation of MAP kinases in the OsRLCK185-OX and Xoo1488-OX rice cells. Total proteins purified from rice cells treated with
chitin were immunoprecipitated by specific antibodies against OsMPK3 (B), OsMPK4 (C), and OsMPK6 (D). Activation of each MAP kinase was analyzed by
immunoblot with anti-pMAPK antibody.
(E–G) Chitin-induced activation of MAP kinases in the RNAi line1. Total proteins purified from chitin-treated rice cells were immunoprecipitated with specific
antibodies against OsMPK3 (E), OsMPK4 (F), and OsMPK6 (G). Activation of each MAP kinase was analyzed by immunoblot with anti-pMAPK antibody.
See also Figure S4.
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between wild-type and the OsRLCK185-OX line. The activation
of each of these MPKs was analyzed by using the coIP assay
using antibodies specific for OsMPK3, OsMPK4, or OsMPK6.
The phosphorylation levels of all three MAPKs were higher in
the OsRLCK185-OX line (Figures 6B–6D).
We examined activation of these MAP kinases using the
OsRLCK55/185 RNAi cell line silencing only OsRLCK185 (line
1; see Figures 3E and 3F). The phosphorylation levels of
OsMPK3 and OsMPK6 activated by chitin were greatly reduced
in the RNAi line as compared with the wild-type, whereas chitin-
induced activation of OsMPK4 was not altered (Figures 6E–6G).
It is therefore likely that OsRLCK185 functions upstream of
OsMPK3 and OsMPK6, but not OsMPK4.
It is also possible that chitin-induced activation of MAP
kinases is suppressed by Xoo1488. The activation of OsMPK3
andOsMPK6was greatly reduced in Xoo1488-OX cells, but acti-
vation of OsMPK4 was almost the same as in wild-type (Figures
6B–6D). The fact that both reduction of OsRLCK185 and expres-
sion of Xoo1488 in rice cells suppressed chitin-induced activa-
tion of OsMPK3 and OsMPK6, but not OsMPK4, strongly
suggests that Xoo1488 inhibits the activation of OsMPK3 and
OsMPK6 by suppressing the function of OsRLCK185. In addi-
tion, since OsMPK4 was activated by chitin in Xoo1488-OX, it
is likely that Xoo1488 is unable to inhibit OsCERK1. In fact,
Xoo1488 was unable to interact with OsCERK1 in yeast two-
hybrid assay (Figure S4).Cell HoXoo1488 Inhibits Phosphorylation of OsRLCK185 by
OsCERK1
Because Xoo1488 blocked activation of chitin-induced immune
responses, it may also inhibit phosphorylation of OsRLCK185
after chitin perception. Xoo1488-OX cells were treated with
chitin and immunoblotted with anti-OsRLCK185 antibody. There
was no detectable mobility shift of OsRLCK185 in Xoo1488-
OX cells, indicating that chitin-induced phosphorylation of
OsRLCK185 is suppressed by Xoo1488 (Figure 7A). This result
provides a possibility that Xoo1488 directly inhibits phosphoryla-
tion of OsRLCK185 by OsCERK1. In vitro phosphorylation
assays using a Phos-Tag SDS-PAGE gel indicated that
OsCERK1-mediated phosphorylation of OsRLCK185 was
greatly reduced in the presence of Xoo1488 (Figure 7B). The
result raised a possibility that Xoo1488 dephosphorylates
OsRLCK185 phosphorylated by OsCERK1. However, Xoo1488
did not dephosphorylate OsRLCK185 that had been preincu-
bated with OsCERK1 for 30 min (Figure S5A). We also test
whether Xoo1488 modifies OsRLCK185 in vitro. Autophosphor-
ylation of OsRLCK185 was not affected in the presence
of Xoo1488 (Figure 7C). Interestingly, OsRLCK185 phosphory-
lated Xoo1488 (Figure 7C), suggesting that phosphorylation
of Xoo1488 within host cells might be associated with the viru-
lent activity of Xoo1488. In addition, autophosphorylation of
OsCERK1 was not affected by Xoo1488 (Figure S5B).
Translational fusions of Xoo1488 to GFP at the N terminus or
C terminus were transiently expressed in rice protoplasts tost & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevier Inc. 353
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Figure 7. Xoo1488 Inhibits OsCERK1-Mediated Phosphorylation of OsRLCK185
(A) Phosphorylation of OsRLCK185 in Xoo1488-OX cells. OsRLCK185 proteins were immunoprecipitated by anti-OsRLCK185 antibody from microsomal
fractions prepared from rice cells treated with chitin. The migration of OsRLCK185 was analyzed by immunoblot.
(B) Xoo1488 suppressed in vitro phosphorylation of OsRLCK185 by OsCERK1. An in vitro kinase assay was performed by incubating OsRLCK185K108E with
OsCERK1-IC in the presence or absence of Xoo1488. Migration of OsRLCK185 in SDS-polyacrylamide gels containing Phos-tag acrylamid was analyzed by
immunoblot.
(C) Autophosphorylation of OsRLCK185 was not inhibited by Xoo1488. An in vitro kinase assay using 32P -g-ATP was performed by incubating OsRLCK185,
OsRLCK185K108E in the presence or absence of Xoo1488. Xoo1488 was strongly phosphorylated by OsRLCK185.
(D) Subcellular localization of Xoo1488 in rice protoplasts. Xoo1488-GFP and GFP-Xoo1488 were transiently expressed in rice protoplasts. Scale bar, 5 mm.
(E) Visualization of interaction between OsRLCK185 and Xoo1488 using bimolecular fluorescence complementation (BiFC) in transiently transfected rice
protoplasts. OsRLCK185-Vn and Xoo1488-Vc contain the N-terminal and C-terminal fragments, respectively, of Venus. Venus fluorescence indicates interaction
between OsRLCK185 and Xoo1488. GUS was used as a negative control. Scale bar, 5 mm.
See also Figure S5.
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due to the Xoo1488-GFP and GFP-Xoo1488 constructs was
distributed across the entire cell (Figure 7D). Xoo1488 tagged
with the C-terminal domain of Venus (Xoo1488-Vc) and wild-
type OsRLCK185 tagged with the N-terminal domain of Venus
(OsRLCK185-Vn) were coexpressed in rice protoplasts to reveal
where Xoo1488 interacts with OsRLCK185. Venus fluorescence
in the BiFC assay was detected at the PM (Figure 7E), although
there was no detectable signal when wild-type OsRLCK185 was
used to analyze its subcellular localization and interaction with
CERK1 (Figure 2B and Figure 4C). These data suggest that
Xoo1488 may disturb the function of OsRLCK185.354 Cell Host & Microbe 13, 347–357, March 13, 2013 ª2013 ElsevieWe examined whether Xoo1488 directly inhibits MAP kinase
activation. Transient expression of a constitutively active
MAPK kinase OsMKK4DD (Kishi-Kaboshi et al., 2010) in rice
protoplasts induced activation of MAP kinases (Figure S5C),
which was not inhibited in the presence of Xoo1488. This result
indicates that Xoo1488 does not suppress MAP kinase activa-
tion by MAPK kinase.
DISCUSSION
In this study, we identified OsRLCK185 as at least one target of
the Xoo1488 type III effectors. The data shown in this workr Inc.
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stream signaling partner of OsCERK1. Thus, screening of host
targets interacted with the pathogen effectors is a very useful
strategy to identify important immune components.
OsRLCK185 Regulates PGN- and Chitin-Induced
Immunity
InArabidopsis, CERK1was originally identified as a receptor that
recognizes a fungal MAMP, chitin (Miya et al., 2007; Wan et al.,
2008). It was later reported that CERK1 also positively regulates
resistance to bacterial infection, and that this could be inhibited
by the P. syringae effector AvrPtoB (Gimenez-Ibanez et al.,
2009). The immunity to bacterial infection is mediated by the
perception of bacterial PGN by CERK1 and two LysM proteins
LYM1 and LYM3, in which LYM1 and LYM3 directly bind to
PGN (Willmann et al., 2011). Recently, LYP4 and LYP6, rice
homologs of LYM1 and LYM3, were also found to regulate resis-
tance to Xoo infection by directly binding to PGN in rice (Liu et al.,
2012a). That paper also reported that pretreatment of PGN
inhibits chitin-induced immune response, indicating that chitin
and PGN share overlapping perception systems (Liu et al.,
2012a). These data suggested that OsCERK1 is likely involved
in LYP4- and LYP6-mediated PGN recognition in rice, as
CERK1, LYM1, and LYM3 are in Arabidopsis. Our finding indi-
cates that OsRLCK185 regulates both PGN- and chitin-induced
immunity, which is consistent with the notion that OsRLCK185 is
a downstream component of OsCERK1 that itself may be a dual
function receptor involved in sensing both PGN and chitin.
In a transient expression system using rice protoplast, we
did not observe the florescence of GFP-fused wild-type
OsRLCK185,whereas the kinase-inactivemutant ofOsRLCK185
was detected. Since the level of endogeneous OsRLCK185
protein is very low in rice, the kinase activity-dependent disap-
pearance of the OsRLCK185-GFP protein may be caused by
negative feedback regulation by autoactivation of the down-
stream signaling of OsRLCK185 induced by strong transient
expression of OsRLCK185 in rice protoplasts. However, since
the OsRLCK185 protein was accumulated at microsomal mem-
brane fraction in OsRLCK185-OX cells (Figure S3), the disap-
pearance of the protein is considered to occur specifically in
transiently expression assay using rice protoplasts.
OsRLCK185 Is Phosphorylated by OsCERK1
OsRLCK185 is rapidlyphosphorylated in response tochitin.Since
the kinase domain of OsCERK1 phosphorylated OsRLCK185
in vitro, chitin-induced phosphorylation of OsRLCK185 is most
likely to be mediated by OsCERK1. The in vitro phosphorylation
experiment indicated that S240, T241, and T246 of OsRLCK185
are required for phosphorylation by OsCERK1. These sites of
OsRLCK185 correspond to S236, T237, and T242 of BIK1 phos-
phorylated by activation of FLS2-BAK1 complex by flg22 (Lu
et al., 2010; Zhang et al., 2010). Phosphorylation of BIK1 S236
and T237 has an especially crucial role in PTI. Thus, OsRLCK185
and BIK1 are apparently activated in a similar fashion by the
immune receptor kinases.
BIK1 interacts with unstimulated FLS2 and is dissociated from
the FLS2 complex by flg22 treatment (Lu et al., 2010; Zhang
et al., 2010). Therefore, BIK1 is predicted to transmit the immune
signal from FLS2 to downstream cytoplasmic components (LuCell Hoet al., 2010; Zhang et al., 2010). We also found that chitin induces
dissociation of OsRLCK185 from the OsCERK1 complex.
However, the protein levels of OsRLCK185 in our microsomal
fraction were unchanged after chitin treatment. Therefore, it is
unlikely that OsRLCK185 moves from the PM to cytoplasm in
response to chitin. It is possible that OsRLCK185 interacts with
downstream components at the PM after dissociation from the
OsCERK1 complex.
Silencing of OsRLCK185 Reduces OsCERK1-Mediated
MAP Kinase Activation
Accumulating evidence indicates that MAP kinase cascades
are involved in signal amplification during diverse biological
processes including development, immune response, cell divi-
sion, and stress response (Tena et al., 2011). In addition,
although activation of MAP kinases is known to be induced
downstream of the PM-localized PRRs, it remained unknown
how the MAP kinase cascades are engaged downstream of
PRRs. In immune responses, activation of MAP kinases occurs
in response to flg22, elf18, and chitin MAMPs in Arabidopsis,
indicating that MAP kinases function downstream of FLS2,
EFR, and CERK1 (Tena et al., 2011). BIK1 and PBL1 RLCK VII
subfamily proteins are important signaling factors that interact
with FLS2 (Lu et al., 2010; Zhang et al., 2010). In fact, the bik1/
pbl1 double mutant reduces flg22-dependent immune re-
sponses. However, the bik1/pbl1 double mutations did not alter
MAP kinase activation induced by flg22 (Feng et al., 2012). These
data indicate that other factors besides BIK1 and PBL1 transmit
the signal from FLS2 to the downstreamMAP kinase cascade. In
this paper, our data suggest that RLCK VII subfamily member
may be an important signal transmitting component in the PRR
to MAP kinase cascade.
Overexpression of OsRLCK185 enhanced chitin-induced acti-
vation of OsMPK3, OsMPK4, and OsMPK6. However, OsMPK4
activation was not influenced by silencing of OsRLCK185 nor by
expression of Xoo1488, indicating that OsMPK4 is not down-
stream of OsRLCK185. OsMPK4 activation by overexpression
of OsRLCK185 may be a general positive feedback in defense
pathway or an experimental artifact if the overexpressed
OsRLCK185 protein mimics other RLCK VII members that
function upstreamof OsMPK4. In fact, MPK4 is known to be acti-
vated by a different pathway fromMPK3 andMPK6 in Arabidop-
sis (Asai et al., 2002; Ichimura et al., 2006; Tena et al., 2011),
which fits with our results that OsRLCK185 is upstream of
OsMPK3 and OsMPK6, but not OsMPK4. In addition, chitin-
induced activation of OsMPK4 in Xoo1488-OX indicates that
Xoo1488 does not suppress OsCERK1, which is consistent
with there being interaction between Xoo1488 and OsCERK1
in yeast two-hybrid assay.
Xoo1488 Inhibits OsCERK1-Mediated Phosphorylation
of OsRLCK185
Recently, it was reported that AvrAC adds uridine 50-monophos-
phate to conserved phosphorylation sites in the activation loop
of BIK1, PBL1, and RIPK, which results in reduction of their
kinase activities and consequent inhibition of downstream sig-
naling (Feng et al., 2012). In another case, AvrPphB inhibits
MAMPs-triggered immunity by cleaving BIK1 and PBL1 (Zhang
et al., 2010). Thus, the inhibitory mechanisms of RLCK VII familyst & Microbe 13, 347–357, March 13, 2013 ª2013 Elsevier Inc. 355
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effectors. Our in vitro phosphorylation assay showed that
Xoo1488 directly inhibits OsCERK1-mediated phosphorylation
of OsRLCK185, suggesting that Xoo1488 may somehow mask
phosphorylation sites in the activation loop of OsRLCK185,
which may prevent phosphorylation by OsCERK1.
In Arabidopsis, AvrPtoB ubiquitinates and degrades CERK1
(Gimenez-Ibanez et al., 2009), indicating that AvrPtoB regulates
the stability of CERK1. Although it is possible that Xoo1488 regu-
lates the stability of OsCERK1 to inhibit OsCERK1-mediated
immunity, we could not test the possibility using the available
experiment system.
In this work, we identified OsRLCK185 as a possible trans-
mitter which may link the PRR OsCERK1 with MAP kinase
cascades. The next important question to be answered is how
OsRLCK185 transmits its signal to the MAP kinase cascade.
There is a possibility that OsRLCK185 directly transmits the
signal to MAPKKK, a starting molecule for activation of MAP
kinase activation, possibly by interaction and/or phosphoryla-
tion. However, the molecular mechanism of MAPKKK activation
downstream of PRRs is totally unknown, although MPK4 has
been recently reported to interact with and phosphorylate
MEKK2, one member of the ArabidopsisMAPKKK family (Zhang
et al., 2012). Identification of one or more MAPKKKs interacting
with OsRLCK185 would provide insight into understanding the
intercellular MAP kinase signaling downstream of the PM-local-
ized PRRs.
EXPERIMENTAL PROCEDURES
Plasmid Constructs
For RNAi vectors, the 30 untranslated regions of OsRLCK55 and OsRLCK185
were amplified, combined by PCR, cloned into pENTR/D-TOPO, and trans-
ferred into pANDA RNAi vector for creating RNAi transgenic plants. A kinase-
inactive mutant OsRLCK185k108E was made by replacing the conserved
lysine 108 in OsRLCK185 with Glu. OsRLCK185K108E, S240A, T241A, T246A was
made by replacing serine 240 and threonine 241 and 246 in OsRLCK185 with
alanine.
Yeast Two-Hybrid Assays
The two-hybrid interaction was analyzed based on the requirement of histidine
for yeast growth as described previously (Kawasaki et al., 2006; Yamaguchi
et al., 2012).
MAMPs Treatment and RNA Analysis
Rice suspension-cultured cells were treated with 2 mg/ml hexa-N-acetylchito-
hexaose (Seikagaku Biobusiness) or 100 mg/ml PGN from Bacillus subtilis
(Sigma) for 3 and 6 hr. First-strand cDNA synthesized from 1 mg total RNA
was analyzed by qRT-PCR using a Step-One Plus Real-Time PCR system
(Applied Biosystems) and normalized against a ubiquitin reference gene.
Measurement of ROS
For measurement of ROS, suspension-cultured rice cells were subcultured for
3 days in a fresh medium. The medium was removed and replaced by a fresh
medium containing 0.5 mM L-012 (Wako Chem) and 2 mg/ml hexa-N-acetyl-
chitohexaose. Photons were integrally incorporated for 20 and 320 min after
mock or elicitor treatment using a LAS-4000 mini luminescent image analyzer
(GE Healthcare) and an NP tray (GE Healthcare), and calculated by Image
Quant TL software (GE Healthcare).
Transient Assays using Rice Protoplasts
Plasmid transformations were performed using the polyethylene glycol (PEG)
method (Yamaguchi et al., 2012). Aliquots (100 ml) of protoplasts (2.5 3 106356 Cell Host & Microbe 13, 347–357, March 13, 2013 ª2013 Elseviecells/ ml) prepared from suspension-cultured cells were transformed by
mixing with 5 mg plasmid DNA. For localization analysis and BiFC assays,
transfected protoplasts were observed using confocal microscopy (FV1000,
Olympus).
In Vitro Kinase Activity Assays
Purified OsRLCK185k108E, OsRLCK185K108E, S240A, T241A, T246A, and MBP-
OsCERK1 proteins were incubated in kinase reaction buffer (50 mM HEPES
[pH 7.5], 10 mMMgCl2, 100 mM ATP, 1 mM DTT) at 25
C for 1 hr. For dephos-
phorylation, the reaction mixture was incubated with 2 units of BAP (Takara
Bio) at 37C for 2 hr. The samples were subsequently analyzed using 7.5%
SDS-polyacrylamide gels containing 220 mM Phos-tag Acrylamid (Wako
Chem).
MAPK Assays
Proteins were extracted from cells in extraction buffer (50 mMHEPES [pH 7.4],
50 mM b-glycerophosphate, 5 mM EGTA, 5 mM EDTA, 10 mM NaF, 10 mM
Na3VO4, 2 mM DTT, and protease inhibitor cocktail [Roche]). MAPK immuno-
precipitation assays were performed using a Rabbit trueBlot kit (eBioscience).
OsMPK3, OsMPK4, and OsMPK6 were immunoprecipitated from protein
extracts using antibodies raised against OsMPK3, OsMPK4, and OsMPK6,
respectively (Kishi-Kaboshi et al., 2010). Phosphorylation of MPK proteins
was detected by immune blotting with anti-pMPK antibody (Cell Signaling).
Pathology Assays
Fully expanded rice leaves were inoculated by leaf tip clipping with scissors
that had been immersed in bacterial suspensions (OD600 = 0.3). Symptoms
were scored bymeasuring lesion length 25 days after infection (dpi). For estab-
lishing growth curves, inoculated rice leaves (1 cm long) were collected at
5 dpi. Leaves were ground in and diluted with sterile water, then plated on
the peptone-sucrose medium for direct colony counts.
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